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I n t r o d u c t i o n
Knowledge of the atomic nuclei comes largely from observations involving the detection and the measurement of the energy of the various particles and y-rays resulting from nuclear interactions. In view of the great technical advances which are likely to occur with increasing knowledge and control of nuclear processes it is important to develop more powerful methods of making such observations. New methods are particularly desirable for measurements with neutrons and y-rays, since the expansion chamber methods which have hitherto been the most powerful for this purpose are slow and arduous.
Just before the war I gave a preliminary account (Powell et al. 1939 (Powell et al. , 1940 ) of experiments which strongly suggested that in modern conditions the old photo graphic method had a useful contribution to make to the solution of this problem, and that it deserved much more serious attention than had hitherto been given to it. In particular, it was shown that in suitable conditions the distribution in range of the tracks produced by a homogeneous group of protons gives a measure of the energy of the group which is not inferior to that obtained with the best applications of the counter and expansion chamber methods. In this and subsequent papers a detailed account is given of the methods developed and of their application to a wide range of problems in nuclear physics. Most of the material is now some years old, its pre paration in a form suitable for publication having been much delayed by circum stances connected with the war.
H i s t o r y o f t h e m e t h o d
Since the discovery by Kinoshita (1911) of the photographic action of the aparticles, and the subsequent recognition of the fact that with certain types of photographic plates the tracks of any a-particles which have passed through the emulsion are represented after development by a line of developed grains, several observers, and notably Blau & Wambacher (1932,6/ have employed the method for experiments in nuclear physics. An account of the history of the development of the method and a bibliography has been given recently by Shapiro (1941) .
Whilst the potential power of the method has been generally recognized, the scope of its application has, until recently, been very restricted. This has been due to technical difficulties. In work with the a-particles emitted by the natural radio active elements, it was found that the total number of developed grains in the track of a single a-particle with a range of 5 cm. of standard air was small, of the order of twenty. It followed that the length of a track, defined as the distance between the first and last grains recognized as belonging to the track, did not give a sufficiently precise measure of the energy of the particle which produced it. Thus, it was found that if the lengths of the tracks produced in a suitable emulsion by a large number of a-particles of the same initial energy were plotted as a range distribution, the resulting peak had a large spread; an effect analogous to the straggling of a-particles in a gas, but more serious. The corresponding uncertainty in the determination of the energy of an individual particle from the length of the track it produced in the emulsion made it impossible to apply the method successfully to the study of in dividual disintegrations involving the emission of a-particles. The individual tracks from a disintegrating nucleus could be recognized, but the accuracy of the deter mination both of the energy of the particles and of the spacial orientation of the tracks was greatly inferior to th at achieved with the expansion chamber.
These difiiculties were found to be less serious in work with protons. I t is found that the density of grains along a track depends on the ionization density but varies only slowly with it. Thus in a 'half-tone' emulsion the grain density in a proton track is 80 % of that for an a-particle of the same velocity whereas the ionization in a gas is only 25 %. Further, the range increases with energy much more rapidly for a proton than for an a-particle so th at the uncertainty in the range determina tion due to the spacing of the grains leads to a smaller uncertainty in the energy.
In spite of the more favourable conditions thus provided for work with protons, some experimenters concluded th at the remaining difficulties are so serious th a t the method cannot be applied to the accurate determination of proton and neutron energies. Thus Taylor (1935) examined the possibility of determining the distribu tion in energy of neutrons passing through an emulsion by measuring the lengths of the directly knocked-on proton tracks, and concluded th a t the uncertainties did not allow the method to be successfully employed for this purpose. Similar experiments were made by Blau & Wambacher (1932 , 1934 , but like Taylor they had at their disposal only neutron sources produced by bombarding light elements with the a-particles from the naturally occurring radioactive elements and the strength of the neutron sources was relatively small. Even using thick targets and ' poor geometry ', long exposures gave so few tracks in unit area of the emulsion th at the work of examining the plates was extremely tedious. The energy distribution studied was complicated and it had not been measured by expansion-chamber methods so th at a comparison of the two methods was not possible. In these cir cumstances it is not surprising th at the results were not sufficiently conclusive to demonstrate the advantages and importance of the photographic method and to lead to its widespread adoption.
The great potential power of the photographic method lies in the fact th a t if the range measurements can be made sufficiently accurate and simple, and if the spacial orientation of a track in the emulsion can be determined, then the photographic plate becomes an instrument equivalent to an expansion chamber with certain great advantages. The most important of these are:
(1) Whereas the expansion chamber detects particles during only about 1/1500 of the working time, the photographic plate is continuously sensitive.
(2) In contrast with the automatic expansion chamber which is elaborate and costly to operate, the photographic plate is extremely simple and cheap.
(3) The determination of the range of a particle from stereoscopic pairs of expansion-chamber photographs depends upon subsidiary measurements, such as the pressure and the constitution of the gas in the chamber, whereas with the photographic method the measurement depends upon a single determination of a direct permanent record of the track.
The following experiments show th a t with modern sources of particles and using the most suitable microscopic equipment, these advantages can be fully realized.
P h o t o g r a p h i c a n d m i c r o s c o p i c t e c h n i q u e
There are three main aspects of the problem of determining the range of charged particles from the tracks they leave in the developed emulsion. First the emulsion must be suitable in giving a sufficiently high grain density along the tracks without a large background. Ilford 'half-tone' plates have been employed throughout the present work. Emulsions of different thickness up to a maximum of have been used for different purposes. Plates with emulsions of thickness 50 and less are developed after exposure by immersion for 25 min. in 1 in 15 'Rodinol' at a tem perature of 18° C, hardened for 10 min. in 1 % acetic acid, and fixed in acid 'hypo' for periods depending on the thickness of the emulsion. In the case of the emulsions thicker than 50 yi t is desirable to maintain the various baths a t a constan perature during the processing of the plates, and during the final washing, in order to prevent 'frilling', i.e. the peeling of the emulsion from the glass. Large plates are less subject to 'frilling' than small, and greater liberties can be taken with them. With emulsions thicker than 50 y ,in order th at the deeper lying may be developed, the development time is increased up to 2 hr., with a proportionate decrease in the dilution of the developer.
The second problem is connected with the examination of the plates and the determination of the length of the tracks. In all the plates which we have examined, hitherto, there is a background of grains produced by chemical fog or otherwise, and these must be distinguished as far as possible from the developed grains in the track. Microscope objectives of high aperture have the advantage of a restricted depth of focus with the result th at the visible background of grains is reduced as compared with objectives of lower aperture. Further, if a grain is to be associated with a given track, then it must lie not only in the line of the track as seen in the microscope, i.e. in the line which is the projection of the track in the focal plane of the objective, but also at the depth in the emulsion consistent with it being in the track. The depth of focus of a good oil-immersion objective is sufficiently small to make this second criterion an important aid in deciding whether a grain should be regarded as belonging to a given track and, hence, in deciding the correct 'length' of the track.
Tne use of oil immersion objectives has the additional advantage over 'a ir' objectives that the refractive index of the emulsion is sufficiently close to th at of immersion oil to ensure that the optical quality of the image of grains lying deep in the emulsion is good even with the thickest emulsions employed (150/t). It seems Vol. 181. A. probable th at emulsions of 250 / it hickness could be examined could be developed in depth.
Because of these advantages oil-immersion lenses of high aperture have been employed in the present work. They are used in conjunction with high-quality substage condensers with a maximum numerical aperture of 1-30. Some observers have reported th at contact with immersion oil is harmful to photographic emulsions. Although I have not found this, in order to protect the emulsions from possible damage, I covered them with a number c0 ' cover-slip, thickness 0-1 mm., mounted on Canada balsam in xylene. I have had experience with a number of objectives and find the most suitable to be a 3 mm. apochromat, numerical aperture 1-30, magnification 60 and free-working distance 0-25 mm. This objective is normally employed in conjunction with a x 6 'Periplanatic' eyepiece provided with an eye piece scale 5 mm. long divided into 100 parts. W ith this arrangement and in the 'half-tone' emulsion the range of a particle which appears to equal the length of the scale has been found to be 14-6 cm. of air, its actual length in the emulsion being 0-1 mm. Other eyepieces giving higher magnification are occasionally employed for special purposes.
The third problem is to reduce to a minimum the nervous strain on the observer in counting or measuring large numbers of tracks. Experience has shown th a t in this connexion it is a great advantage to use binocular microscopes with inclined eyepieces. Even small improvements in the optical quality of the objectives, leading to improved definition of the image, gives appreciable relief to the observer, and the apochromat of which the characteristics are described above appears to be the best available. Apochromats with an aperture of 1-4 are obtainable, but their free working distance is too small for them to be used for the examination of the thickest emulsions, if a cover slip is used.
C. F. Powell D e t e r m i n a t i o n o f t h e e n e r g y o f c h a r g e d p a r t i c l e s (4) oc-particles from thorium and u
The first experiments were made on the tracks of thorium a-particles, obtained by soaking an emulsion in a weak solution of thorium nitrate, drying, leaving it for some days and subsequently washing and processing the plate. I t is well known th a t an emulsion so treated shows the presence of characteristic thorium sta rs: groups of a-particles radiating from a single centre, and corresponding to the successive disintegration of thorium nuclei scattered throughout the emulsion. Some of the tracks lie nearly in the focal plane of the objective and their length can be measured directly to the nearest eyepiece scale division. The lengths of 750 tracks were measured and the corresponding frequency-range curve constructed. There was a tendency for the observer to measure the lengths to the nearest even digit and, to eliminate this bias, the number of tracks in three successive values of the range in eyepiece scale divisions were summed and plotted against the mean range as shown in figure la . I t will be seen from figure l a th a t five groups of a-particles are clearly resolved. The ranges of the particles from the complete succession of disintegrations of thorium are shown by arrows in the same diagram, the stopping power of the emulsion being determined from the experiments with protons described later. The two ranges of 4-8 and 5-0 cm. of air are unresolved but the two groups together produce a broader and higher group than those due to the single groups of particles. No attem pt was made to ensure th a t a fair sample of the tracks was taken for measurement, and no significance is to be attached to the fact th at the peak of lowest range is less intense than the others.
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ran g e in cm . o f a ir F i g u r e 1. C urve (a), d istrib u tio n in ran g e o f th e a -p a rtic le s arisin g fro m th e successive d isin teg ratio n s o f th o riu m . C urve (b), d istrib u tio n in ran g e o f th e a -p a rtic le s fro m u ra n iu m U r234 a n d U r238.
An examination of figure 1 shows that whilst the peaks present very sharp maxima, so th at the energy of homogeneous groups of a-particles can be deduced from such observations with considerable accuracy, the 'wings' of the distribution are rela tively broad, so th at individual determinations of particle energy from the lengths of single tracks are subject to relatively large errors. Figure 1 b shows the distribution of the lengths of the tracks of a-particles from uranium obtained by similar methods, the two groups arising from Ur234 and U r238. Here again no precautions were taken to obtain a true sample of the two groups and no significance can be attached to the relative intensities of the two groups.*
(5) Protons from the transmutation of boron and lithium by deuterons
For the examination of the accuracy of the method for work with protons experi ments were made with the protons resulting from the disintegration of boron and lithium under bombardment with 500 kV deuterons provided by the Bristol 700 kV generator, the target system being shown in figure 2. The disintegration protons emerged from the vacuum chamber through a mica window, and then passed into the plate holder through a thin aluminium foil to enter the emulsion at a glancing angle of 5°. The plate holder contained air at atmospheric pressure, and in examining the plates, allowance was therefore made for the fact th at the total stopping power of material through which the protons passed before entering the emulsion was different for different areas of the emulsion. Owing to the presence of elements of high nuclear charge in the emulsion, such as silver and bromine, the proton tracks are more subject to scattering than is the case when using the hydrogen or air-filled expansion chamber, or with counter methods of detection, but except in rare instances and at the ends of the tracks the angles of scattering are less than 5°. A track can be easily recognized if it makes an angle of ' dip ' into the emulsion of less than 25° with respect to the focal plane of the objective.
If therefore we define the range in the emulsion as the quantity J*ds measured along the length of the track, we can expect the errors introduced into the measurements by elastic scattering of the protons in the emulsion to be negligible. W ith protons of high energy we must expect inelastic collisions with the nuclei of the atoms forming the emulsion to take place, collisions which leave the struck nuclei in excited states and from which the proton leaves with reduced energy. Experiments (Wilkins 1940 (Wilkins ,1941 Powell et al. 1940) show, however, th a t such collisions are very rare compared with elastic collisions, and it is therefore certain th a t no appreciable error will be introduced into the measurements by processes of this kind.
In the case of tracks whose images are longer than the eyepiece scale, the length is determined by first setting the scale parallel to the initial direction of the track and the beginning of the scale coincident with the first grain in the track. A grain in the emulsion is chosen which coincides with the end of the scale, irrespective of whether it lies in the track or not, and the mechanical stage is moved until this grain coincides with the other end of the scale. This operation is continued until the end of the track lies within the limits of the scale. If the direction of the track changes at any point corresponding to the scattering of the original particle, the scale is rotated to lie parallel to the new direction. The frequency-length curve, deduced from measurements on 700 proton tracks from the disintegration of boron, is shown in figure 3a . The range distribution of protons from the same reaction obtained by counting methods as determined by Cockcroft & Lewis (1936) is shown in figure 36 , the range scale and origin in the two curves having been adjusted to make the peaks 'a ' and 'y ' in the two curves to have the same separation, and the corresponding peaks to come one above the other. The results obtained by the photographic method are clearly satisfactory in th a t the general form of the proton-range distribution obtained is closely similar to th at obtained by counting methods, and th at the 'straggling' of the individual peaks is similar in the two cases.
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From the results represented in figure 3 it was possible to determine the stopping power of our emulsion since the distance between peaks ' a ' and ' y ' is known both in terms of cm. of air from the counter experiments and in terms of our microscope eyepiece scale divisions. The value obtained is th a t given in § 3. W ith this calibration the range in cm. of air of peak ' 8 ' can be calculated and is foun This is equal within the errors of experiment to the expected range of the protons from the reaction D2 + D2 H 3 + H 1 when the bombarding deuterons have an energy of 500 kV and the peak is evidently due to the contamination of the target with heavy hydrogen. Figure 4 shows the experimental results transformed to a dis tribution in energy, and it will be seen th a t the width of the peaks a t half maximum is nearly constant in the range from 2-8 to 8-5 eMV and equal to ~ 0-3 eMV. I t follows that with protons in this range of energy, the uncertainties due to straggling are not worse using the photographic method than those met in experiments with counters.
J2 o 4 0
en e rg y in em V T he p e a k a t lo w est en e rg y is d u e to th e p resen ce o f d e u te riu m ab so rb e d in th e ta rg e t. T h e w id th o f th e d iffe ren t p e a k s a t h a lf m a x im u m is less th a n 0-3 eMV in each case.
The distribution in range of the particles resulting from the transm utation of lithium by 500 ekV deuterons has been investigated by similar methods and the results are represented in figure 5. Curve (a) gives the distribution as determined in the present experiments, and curve (6) shows the corresponding results obtained by Rumbaugh & Hafsted (1936) using counter methods of detection. The particles of longest range are protons from the reaction Li6 ( ) Li7, the Li7 being formed in the ground state or in an excited state at 0*44 eMV. The low range peak is due to a-particles from the reaction Li6 (d, oc) He4, and the particles of lowest range con stitute the high-energy end of the continuous distribution of a-particles from the reaction Li7 + H 2 -> 2He4 + n1. As in the experiments with the boron protons, the range scale of the results obtained by the photographic method has been adjusted to make the high-and low-range peaks fall under the corresponding peaks as determined by the counter experiments. We are thus provided with a second determination of the stopping power of the emulsion, and the value so obtained agrees with th a t previously deter mined with an error of less than 1 %. Figure 5 also shows the results transformed to an energy scale in the case of the a-particle and proton groups, the width of the peaks a t half maximum being 0*3 and 0*5 eMV for protons and a-particles respec tively.
The observed width of the a-partiele peak in figure 5 is greater than th a t obtained in the observations on the thorium a-particles. This is due to the fact th a t with the thorium stars the beginning of any track is subject to very small uncertainties, since we take it to be the point of origin of a number of tracks radiating from a common centre. With the lithium a-particles, however, we take the beginning of a track to coincide with the first developed grain recognized as belonging to the track. The range determinations of the thorium a-particles are therefore subject to roughly half the error of the lithium a-particles, and this is reflected in the increased energy spread of the latter. 1936) . C urves (c) a n d (d), en e rg y d istrib u tio n o f th e ap articles a n d p ro to n s from th e p h o to g rap h ic m e asu rem en ts.
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In the present experiments the groups of particles from the various transmutations are inhomogeneous as a consequence of the penetration of the thick target by the bombarding deuterons. We may therefore infer on the basis of the present results th a t using the photographic method the experimental width at half maximum of a homogeneous group of protons, in the energy range from 1 to 9 eMV, is less than 0-25 eMV; and of a-particles, less than 0-5 eMV. The intensity of the different peaks are also in satisfactory agreement with the values obtained by the counter methods. In this respect the photographic method has the particular advantage th at particles of different range are simultaneously recorded in the emulsion so th at determinations of the relative intensity of different peaks are independent of fluctuation in the intensity of the bombarding stream.
We may conclude that the photographic method provides a reliable method for determining the energy and intensity of homogeneous groups of protons and ocparticles. This suggested th at the method might be used with great advantage for scattering experiments using the high-energy proton and deuteron beams provided by the cyclotron, and this application has now been made. I t also showed th a t it was reasonable to attem pt to apply the method to the determination of the energy of groups of fast neutrons.
D e t e r m i n a t i o n o f t h e e n e r g y o f f a s t n e u t r o n s (6) Neutrons from beryllium and boron under deuteron bombardment
The most satisfactory method hitherto developed for determining neutron energies in the range of 1 eMV and upwards is th at based upon the hydrogen-or helium-filled expansion chamber. If a neutron of energy E0 collides with a proton a t rest and throws it forward in a direction making an angle 6 with the original direction of motion of the neutron, then the proton receives an energy i?0cos2#.* If 0 < 5°, cos2 6~0*99 and the initial energy of the proton after impact is sensibly equal to the original energy of the neutron. If high-energy neutrons are passed through the plate, then, since a photographic emulsion contains combined hydrogen, one may expect to find the tracks of knocked-on protons in it after development. If the direction of the neutrons passing through the plate is known, then one can choose those protons which make only a small angle with the direction of motion of the neutrons, measure their ranges and deduce the distribution in energy of the neutrons forming the original directed stream.
The first experiments were made with the Bristol generator on the neutrons resulting from the disintegration of the light elements under deuteron bombardment and the apparatus is shown in figure 6. I t is designed to reduce to a minimum the amount of material in the neighbourhood of the neutron source in order to reduce the scattering of the neutron beam. The deuteron beam passes through the hole in the quartz disk, 4 mm. in diameter, and is focused on to the target. When the beam passes directly through the middle of the hole in the quartz disk its edges become just red hot under the impact of the particles in the periphery of the beam. If the beam becomes displaced, then the glow from the quartz becomes unsymmetrical and, if the main beam hits it, glows white hot and rapidly disintegrates a t the point of impact. The quartz thus provides an indicator which enables us to maintain the beam focused on the centre of the target. Focusing is carried out by voltage control of the first accelerating gap and can be made extremely sharp. The greater p art of the beam strikes an area of the target about 2 mm. in diameter and the neutron source is thus highly localized. The target]system is cooled by water, the whole construction * I t is assum ed t h a t ra d ia tio n losses, n eu trin o in te ra c tio n s, e tc ., a re negligible. being kept as small and thin as possible.* The neutrons from boron and beryllium were first examined because the energy spectrum of these neutrons had already been examined by the expansion-chamber methods and would therefore provide a reliable test of the accuracy of the method.
Twelve plates, each measuring 5 by 2 cm., were arranged in small metal boxes around the neutron source in a position, as shown in figure 6 , to detect neutrons emitted at an angle making about 100° with the direction of the bombarding stream, the neutrons passing through the emulsion in a direction parallel to its surface. The plates were given different exposures so that one among them would contain a convenient number of tracks per field of view of the microscope for examination and measuring. W ith the middle of the plate a t a distance of about 5 cm. from the neutron source and with 30 f i Ai n the deuteron beam (unre solved) exposures of about 2 min. with a lithium target, 15 min. with a beryllium ta r get, and 40 min. with a boron target were found to be satisfactory.
After development the plates were mounted on the mechanical stage of a microscope, provided with * x' and 'y ' motion, in such a way th at the original direction of the neutron beam was parallel to one of the directions of motion of the mechanical stage. Only those tracks were measured which made small angles of dip from the plane of the emulsion and which were inclined at angles less than 5° to the direction of the neutron beam through the plate. The angle which the projection of the track makes with the direction of the neutron beam can be measured by providing one of the eyepieces with a fiducial line, which in its normal position is kept parallel to the direction of the neutrons in the plate, and measuring thu angle through which this eyepiece must be turned in order to make the line coincide with the track. The angle of dip can be estimated with sufficient accuracy by taking those tracks which are seen in focus over a certain length of the track. With a little experience tracks which make an angle of less than 5° with the original direction of the neutron beam * S u b seq u en t ex p e rim en ts on th e elastic a n d inelastic sc a tte rin g o f n eu tro n s h av e show n th a t elab o rate p rec au tio n s of th is ty p e are unnecessary . can be quickly identified without recourse to actual measurement of the precise angle by the methods described in a later paper.
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In order to obtain a true sample of the tracks which satisfy the angular require ments, and to avoid errors due to any tendency on the p art of the observer to choose either the longer or the shorter tracks, it is sufficient to measure all tracks within a given area which satisfy the angular requirements. As a further precaution against prejudice the plates were examined independently by two observers using micro scopes with different magnifications. The two results were then transformed to the same range scale and from this result the energy distribution deduced.
en e rg y in em V The results obtained from the bombardment of beryllium and boron targets are shown in figures 7 and 8, the expansion-chamber measurements being reproduced for comparison in the case of beryllium. I t will be seen from figure 7 th a t the width a t half maximum of the different groups is ~ 0-3 eMV, as with the proton groups previously examined. In the case of boron, the group a t 13 eMV, which arises from the reaction Bn (d, n) C12, the C12 being left in the ground state, has a half-width of about 0*5 eMV. The peaks of lower energy, corresponding to the formation of C12 in excited states, have a half-width of 0-7 eMV. This is more than twice the value to be expected for a homogeneous group of particles in this range of energies and must be due to a natural width in the excited levels of C12 or to the fact th a t they consist of unresolved multiplets.
The measurements demonstrate clearly the power of the method in dealing with neutron experiments. The spectrum of the neutrons from each element was deduced from an examination of about 2 cm.2 of a single photographic plate. The material for the measurement of a thousand times as many tracks could have been obtained without difficulty during the same exposure. The speed with which results can be obtained depends to some extent on the experience of the observer, bu t it is not difficult to measure 200 tracks a day. W ith three observers it is therefore possible to make an analysis of a complicated neutron spectrum in three days. This time is to be compared with a period of from three to six months which is necessary to obtain the same information by expansion-chamber methods. Thus in investigating the Applications of photographic method to problems in nuclear physics 357 energ y in em V F i g u r e 8 . D istrib u tio n in en erg y o f th e p ro to n s p ro je c te d b y th e n e u tro n s from th e t r a n s m u ta tio n o f b o ro n b y 500 ekV d eu tero n s, b y p h o to g ra p h ic m e th o d . C u rv e (a), 700 tra c k s. C urve (6), m e asu rem en ts on 600 tra c k s w ith bias in fa v o u r o f choosing tra c k s o f long ra n g e to increase th e a c cu rac y o f th e d istrib u tio n in th e high energ y region.
neutrons from beryllium under deuteron bombardment, Staub & Stephens made 20,000 stereoscopic pairs of expansion-chamber photographs from which 3000 tracks were chosen as suitable for measurement. Apart from the great saving in money and labour which the method thus affords, it is evident th a t experiments with very weak neutron beams, which could not be attem pted with the expansion chamber, become possible. Such effects can be investigated more rapidly by other methods, such as those based upon the radioactivity induced in certain nuclei by neutrons above a certain critical energy, but in many cases the photographic method has the advantage th at the information which it provides is much more detailed than th at obtained by other methods.
* en erg y in em V P iu u k e 9. D istrib u tio n in energ y o f th e p ro to n s p ro je c te d b y th e n eu tro n s from th e tra n s m u ta tio n o f d e u te riu m b y d eu tero n s.
en erg y in em V F i g u r e 10. C urve (a), d istrib u tio n in en erg y o f th e p ro to n s p ro je c te d b y th e n e u tro n s fro m th e tra n s m u ta tio n of fluorine b y 900 ekV d eu tero n s, as d e te rm in e d b y th e p h o to g ra p h ic m eth o d. C urve (6), d istrib u tio n in en e rg y o f th e n e u tro n s fro m th e tr a n s m u ta tio n o f fluorine by 900 ekV d eu tero n s, from th e e x p a n sio n ch a m b e r e x p e rim e n ts o f B o n n e r ( 1940).
(7) Neutrons from the transmutation of deuterium, and fluorine by deuterons Two other neutron spectra have been examined by the same method. In figure 9 is shown the analysis of the neutrons from a boron target bombarded by low-energy deuterons. They are from the reaction D f+ Df->He^ +wj, the deuterium being adsorbed in the surface layers of the target. Like other observers we find no evidence for a group of low-energy neutrons from this reaction due to the existence of a postulated excited state in He3. Figure 10 shows the results obtained by bombarding fluorine with 900 kV deuterons from the Cambridge high-tension set. The last result was obtained through the kindness of Professor Cockcroft and Mr Dee, who made it possible for me to make the necessary exposures. This spectrum has also been examined by Bonner (1940) by the expansion-chamber method. His results were not published when the present measurements were made, so th a t there was no possibility in this case of the analysis by the photographic method being influenced by the results of previous experiments. Once again the agreement between the two methods is satisfactory. In addition to the tracks represented in figure 10 , two tracks were observed with energies of 13*2 and 13-4 eMV respectively which are certainly due to boron contamination of the target. Such contamination may account for the peaks of low intensity at 9-3 and 4*3 eMV in figure 9 .
The interpretation of this neutron spectrum in terms of the excited states of Ne20 has been discussed by Bonner, and further confirmation for the existence of the first excited state at 1-5 eMV has now been obtained in the inelastic scattering of protons by neon (Powell et al. 1940) .
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